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culture	 had	 highest	 extinction	 debt,	 regardless	 of	 the	 post-conversion	 land	 use.	
Few	local	extinctions	were	predicted	in	areas	with	remaining	larger	forest	patches.
5.	 Synthesis and applications.	 The	 evidence	 for	 an	 unpaid	 extinction	 debt	 in	 the	
Argentine	Dry	Chaco	provides	a	substantial	window	of	opportunity	for	averting	local	
biodiversity	losses.	However,	this	window	may	close	rapidly	if	conservation	activi-
ties	 such	as	habitat	 restoration	are	not	 implemented	swiftly.	Our	extinction	debt	
maps	highlight	areas	where	such	conservation	activities	should	be	implemented.
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1  | INTRODUCTION
Populations	of	numerous	species	have	recently	undergone	rapid	de-
cline,	 leading	 to	 local	 extinctions	 (Ceballos	 et	al.,	 2015;	Pimm	et	al.,	
2014).	The	primary	cause	of	these	declines	has	been	land-	use	change,	
mainly	 through	 the	 loss,	 degradation	 and	 fragmentation	 of	 habitat	
(Ehrlich	&	Pringle,	2008;	Foley	et	al.,	2005).	Therefore,	understanding	








extant	 species	predicted	 to	go	extinct	due	 to	past	 landscape	 trans-
formation.	 Extinction	 debt	 can	 be	 detected	 by	 comparing	 the	 rela-
tionship	 between	 landscape	 structure	 and	 current	 species	 richness.	
Evidence	for	an	extinction	debt	exists	when	past	landscape	structure	
explains	current	 richness	better	 than	current	 landscape	 structure.	A	
critical	assumption	behind	this	approach	is	that	species	richness	was	
in	equilibrium	before	landscape	transformation,	and	species	will	slowly	





pace	with	which	 species	 respond	 to	 landscape	 transformation	 (Lira,	
Ewers,	Banks-	Leite,	Pardini,	&	Metzger,	2012;	e.g.	species	may	survive	
longer	if	forests	are	only	thinned	compared	to	clear	cut).	Second,	the	




(Metzger	 et	al.,	 2009;	 e.g.	 long-	lived	 species	 and	 habitat	 specialists	
are	more	 likely	 to	 show	delayed	 responses	 compared	 to	 short-	lived	
species	 and	 generalists).	Given	 this	variability	 in	 the	probability	 and	
duration	of	time-	delayed	responses,	 it	 is	essential	to	understand	the	
processes	 underlying	 such	 delays.	 In	 addition,	 understanding	 time-	
delayed	 responses	 is	 crucial	 from	 a	 conservation	 perspective,	 as	
documenting	 the	number	of	species	 found	 in	situ	without	consider-





Even	 though	 time-	delayed	 responses	 to	 habitat	 transformation	
have	received	considerable	attention,	many	gaps	 in	our	understand-
ing	of	extinction	debt	remain.	For	example,	whereas	extinction	debt	
should	be	more	 likely	 to	occur	 in	 landscapes	undergoing	recent	and	
widespread	 habitat	 transformations	 (Hanski	 &	 Ovaskainen,	 2002),	




ies	so	 far	have	also	 focused	on	 relatively	small	areas	 (Chen	&	Peng,	
2017),	and	therefore,	extinction	debt	at	landscape-	to-	regional	scales,	
where	most	conservation	planning	takes	place,	is	weakly	understood.	
Additionally,	 there	 has	 been	 a	 strong	 focus	 on	 plants	 (Helm	 et	al.,	
2006;	Lindborg	&	Eriksson,	2004)	and	birds	(Brooks,	Pimm,	&	Oyugi,	
1999;	 Lira	 et	al.,	 2012;	Metzger	 et	al.,	 2009),	while	 the	 importance	
of	extinction	debt	for	other	threatened	taxa	(IUCN,	2016),	especially	
mammals,	remains	largely	unknown.









goal	was	 to	 investigate	 time-	delayed	responses	 in	bird	and	mammal	
communities	caused	by	landscape	transformation	in	the	Argentine	Dry	
Chaco,	 a	highly	dynamic	deforestation	 frontier.	To	 test	 for	 and	map	
extinction	 debt,	 we	 examined	 the	 influence	 of	 landscape	 structure	
on	contemporary	species	richness	 (2009–2015)	based	on	 landscape	
structure	 from	 three	 time	 periods	 (1985,	 2000	 and	 contemporary).	
Specifically,	we	explored	the	following	research	questions:
1. What	 are	 the	 relationships	 between	 contemporary	 richness	 of	
birds	 and	 mammals,	 and	 historical	 and	 contemporary	 landscape	
structure?






2  | MATERIALS AND METHODS
2.1 | Study area
Our	study	area	(Figure	1)	is	located	in	the	Gran	Chaco	region,	South	
America’s	 largest	 tropical	 dry	 forest,	 stretching	 into	 Argentina,	
Paraguay,	 Bolivia	 and	 Brazil	 (Bucher	 &	 Huszar,	 1999).	 Since	 the	
1990s,	and	especially	after	2000,	the	region	experienced	one	of	the	
highest	 deforestation	 rates	 world-	wide,	 mainly	 due	 to	 the	 expan-
sion	of	soybean	production	and	 industrial	cattle	 ranching	 (Baumann	
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identified	 to	 species	 level.	All	 species	 recorded	were	 classified	 into	
forest-	dependent	 (hereafter:	 forest	 species)	 and	 species	 preferring	

















Medium	and	 large-	bodied	mammals	were	 surveyed	 at	 226	 sites	
from	2012	to	2015,	using	camera	traps.	Sites	were	chosen	randomly,	
while	 avoiding	 trails.	Mammals	were	 classified	 into	 forest	 and	 non-	
forest	 species	 following	 expert	 recommendations	 (Decarre,	 2015;	
Gómez-	Valencia,	2017)	and	literature	(Canevari	&	Vaccaro,	2007).	We	
documented	a	total	of	26	mammal	species	in	the	study	area,	with	11	
























We	 selected	 two	 landscape	 predictors	 as	 proxies	 for	 habitat	 avail-






Landsat-	based	 land-	cover	data.	We	used	 the	Global	 Forest	Change	
map	 from	Hansen	 et	al.	 (2013)	 to	 derive	 contemporary	 (from	2009	
to	2013)	and	past	(2000)	forest	extent	and	configuration,	and	a	land-	
cover	map	from	Baumann	et	al.	(2017)	to	assess	past	(1985)	landscape	




we	 extracted	 contemporary	 landscape	 data	 for	 the	 specific	 year	







studies	 testing	 the	 influence	 of	 landscape	 configuration	 on	 bird	
richness	 and	 abundance	 (Deconchat,	Brockerhoff,	&	Barbaro,	2009;	






the	GUIDOS	 software,	 and	SDMTools	 package	 (VanDerWal,	 Falconi,	
Januchowski,	 Shoo,	 &	 Storlie,	 2014)	 in	 r	 to	 derive	 landscape	 met-
rics.	To	 investigate	whether	 extinction	 debt	 is	 caused	 by	 landscape	
transformation	or	other	factors,	we	also	included	a	number	of	control	
variables	related	to	human	disturbance,	climate	and	water	availability	
that	 could	affect	birds	and	mammals	 in	 the	Dry	Chaco	 (Table	1	and	
Table	S3).
2.4 | Testing for extinction debt
Investigating	extinction	debt	 relies	on	 the	assumption	 that	 commu-
nities	 were	 in	 equilibrium	with	 the	 landscape	 before	 major	 habitat	
TABLE  1 Predictors	for	explaining	bird	and	mammal	richness	in	the	Chaco
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perturbations	 occurred	 (Kuussaari	 et	al.,	 2009).	 Although	 degrada-
tion	 in	 the	Dry	Chaco	 started	 long	 ago,	major	 changes	 in	 the	 land-
scape	have	only	occurred	since	the	mid-	1990s	(Baumann	et	al.,	2017;	
Caldas,	 Goodin,	 Sherwood,	 Campos	 Krauer,	 &	 Wisely,	 2015).	 We	
therefore	assumed	an	equilibrium	state	at	the	beginning	of	our	study	
period.	We	 carried	 out	 two	 analyses:	 first,	we	 tested	 for	 the	 exist-
ence	of	 extinction	 debt	 separately	 for	 birds	 and	mammals.	 Second,	
we	mapped	the	magnitude	of	the	potential	extinction	debt	per	group.
To	 test	 for	 the	existence	of	 an	extinction	debt,	we	 first	 investi-
gated	the	relationships	between	contemporary	species	richness	and	
(1)	contemporary	landscape	predictors,	(2)	year-	2000	predictors,	and	
(3)	 year-	1985	 predictors	 (i.e.	 each	model	 only	 contained	 landscape	
predictors	 from	one	 time	period).	For	each	 time	period,	we	consid-




tion	debt	was	 caused	by	 landscape	 transformation	or	 other	 factors	
(e.g.	 climate	 change;	Tables	S4	 and	 S5).	When	 two	 predictors	were	
collinear	(Spearman	correlation	coefficient	>0.6),	we	retained	the	vari-
able	with	the	most	ecologically	meaningful	relationship	with	species	
richness	 (Tables	S4	 and	 S5).	We	 standardized	 all	 predictors	 (M	=	0,	
SD	=	1)	 to	assess	 their	 relative	 importance	 (Schielzeth,	2010).	Since	
bird	data	were	from	different	sources,	we	controlled	for	varying	sam-
pling	designs	using	linear	mixed	models	that	included	the	categorical	
variable sampling design	 as	a	 random	 intercept,	using	 the	r	package	
nlme	 (Pinheiro,	 Bates,	 DebRoy,	 &	 Sarkar,	 2016).	 For	 the	 mammal	 
data,	we	used	simple	linear	models,	as	the	study	design	did	not	vary	
between	the	two	datasets.


























until	 a	 new,	 future	 equilibrium	 is	 reached.	 The	 difference	 between	
the	old	and	new	equilibrium	represents	the	total	number	of	species	
going	extinct	as	a	consequence	of	land-	use	change,	whereas	the	dif-
ference	between	 contemporary	 richness	 and	 the	 future	 equilibrium	
represents	the	extinction	debt	(Figure	2).
To	 predict	 contemporary	 richness	 patterns,	 we	 used	 the	 model	
that	 explained	 contemporary	 biodiversity	 patterns	 as	 observed	 via	

















porary	and	future	 total	 richness,	with	positive	differences	 indicating	
sites	where	local	extinctions	are	likely	to	happen.







































period	 and	 1985,	 Table	2),	 these	 patterns	were	 even	 stronger	 than	
when	 considering	 the	 entire	 community.	 The	 contribution	 of	 land-
scape	 variables	 from	 2000	 was	 especially	 important	 for	 explaining	
contemporary	 species	 richness	of	 forest	 species	 (birds	AICw	=	1.00;	
mammals	AICw	=	0.96).
Our	 projections	 of	 extinction	 debt	 showed	 that	 for	 both	 birds	
and	mammals,	 areas	 recently	 deforested	 due	 to	 agricultural	 expan-
sion	 were	 most	 likely	 to	 experience	 future	 local	 bird	 and	 mammal	
extinctions	 (e.g.	 the	 Salta-	Santiago	 del	 Estero	 border	 or	 the	Chaco-	
Santiago	del	Estero	border;	Figure	5).	In	contrast,	few	future	local	ex-












Habitat	 loss	 and	 fragmentation	 threaten	 biodiversity	 globally,	 and	
understanding	 time-	delayed	 responses	 of	 communities	 to	 habitat	
transformation	might	help	to	counteract	future	extinctions.	We	found	
strong	 evidence	 for	 extinction	 debt	 for	 birds	 and	 mammals	 in	 the	
Argentine	Dry	Chaco,	but	also	that	this	extinction	debt	may	be	paid	
soon.	 Interestingly,	 relaxation	 time	 (i.e.	 the	 time	 needed	 to	 reach	 a	
new,	future	equilibrium)	was	similar	for	birds	and	mammals	(between	
10	and	25	years),	and	for	forest	specialists	and	the	entire	community.	
Additionally,	 extinction	 debt	 is	more	 likely	 to	 occur	 in	 areas	where	
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across	systems	with	different	post-	deforestation	land	use	(e.g.	ranch-




richness	 better	 than	 contemporary	 landscape	 structure,	 supporting	
the	hypothesis	of	time-	delayed	responses	to	habitat	transformation	in	
the	Chaco.	This	seems	reasonable	given	the	high	rate	of	habitat	trans-
formations	 in	deforestation	 frontiers	 (Baumann	et	al.,	2017;	Carlson	
et	al.,	2013;	Numata,	Cochrane,	Souza,	&	Sales,	2011)	and	 is	 in	 line	




All species Forest species
Model AIC ΔAIC AICw Model AIC ΔAIC AICw
Birds
Birds_2000_full 1,618.89 0.00 0.76 BirdsFor_2000_full 1,248.67 0.00 1.00
Birds_contemp_full 1,621.18 2.29 0.24 BirdsFor_contemp_full 1,260.31 11.65 0.00
Birds_1985_noLS 1,631.66 12.77 0.00 BirdsFor_1985_noLS 1,271.83 23.16 0.00
Birds_1985_full 1,635.25 16.36 0.00 BirdsFor_1985_full 1,273.85 25.19 0.00
Birds_2000_noLS 1,637.54 18.65 0.00 BirdsFor_2000_noLS 1,277.32 28.65 0.00
Birds_contemp_noLS 1,654.61 35.72 0.00 BirdsFor_contemp_noLS 1,313.04 64.37 0.00
Birds_null 1,684.00 65.10 0.00 BirdsFor_null 1,359.73 111.07 0.00
Mammals
Mam_2000_full 1,001.81 0.00 0.78 Mam_2000_full 503.05 0.00 0.96
Mam_contemp_full 1,005.06 3.25 0.15 Mam_contemp_full 509.36 6.32 0.04
Mam_1985_full 1,008.80 6.99 0.02 Mam_2000_noLS 520.76 17.72 0.00
Mam_1985_noLS 1,009.12 7.31 0.02 Mam_contemp_noLS 523.90 20.85 0.00
Mam_contemp_noLS 1,010.20 8.39 0.01 Mam_1985_full 529.75 26.70 0.00
Mam_null 1,011.76 9.95 0.01 Mam_1985_noLS 532.85 29.80 0.00





Contemporary 2000 Contemporary 2000
Estimate 95% CI Estimate 95% CI Estimate 95% CI Estimate 95% CI
Intercept 19.83 22.76,	16.91 19.03 22.05,	16.01 3.74 4.04,	3.45 3.74 4.04,	3.45
Core 2.87 4.62,	1.13 4.46 6.25,	2.66 0.79 1.29,	0.29 0.82 1.23,	0.41
Edge 1.15 2.69,	−0.39 0.75 2.13,	−0.64 −0.14 0.25,	−0.54 −0.19 0.11,	−0.49
Connec 3.30 4.82,	1.77 1.88 3.43,	0.33 0.18 0.56,	−0.21
DistTowns −1.02 0.31,	−2.34 −1.64 −0.29,	−2.98
DistRoads 0.49 1.85,	−0.87 1.79 3.46,	0.12 −0.06 0.32,	−0.44 0.13 0.52,	−0.25
DensRoads −1.00 0.15,	−2.16 −0.70 0.45,	−1.85 0.10 0.47,	−0.26 0.19 0.61,	−0.22
DistPuestos −0.66 0.68,	−2.00 0.41 1.99,	−1.16 −0.08 0.45,	−0.6
Temp 1.45 3.13,	−0.23
Prec −0.68 0.99,	−2.35 0.68 2.32,	−0.97 0.17 0.73,	−0.38
Aridity 2.01 3.58,	0.44 1.07 3.02,	−0.88 −0.32 0.05,	−0.69 −0.21 0.36,	−0.78
DensRivers 0.68 1.97,	−0.61 1.21 2.55,	−0.14
DistWater 1.47 2.93,	0.02 1.75 3.29,	0.21 −0.33 0.03,	−0.70 −0.24 0.18,	−0.65
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long-	term	forest-	cover	dataset	allowed	us	to	provide	upper	and	lower	
bounds	for	this	time	delay:	 landscape	patterns	from	2000	explained	
contemporary	 richness	 best,	 indicating	 that	 average	 relaxation	 time	
is	greater	 than	10	years,	but	contemporary	richness	was	not	associ-
ated	with	1985-	landscape	structure,	 suggesting	 that	 relaxation	 time	






Wright,	 Loyn,	 and	 Rayment	 (2006)	 found	 an	 evidence	 of	 relaxation	
time	 for	 birds	 of	 22	years	 in	 southeastern	Australia.	 Similarly,	 Sales	
et	al.	 (2015)	 reported	 a	 time-	delayed	 response	 of	 11	years	 for	 a	
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debt	for	mammals,	suggesting	that	although	both	taxa	were	affected	
by	 extinction	 debt,	 that	 is,	 a	 percent	 of	 the	 contemporary	 number	
of	species	will	go	extinct	due	to	past	 landscape	transformation,	 this	
percentage	is	higher	for	birds	than	for	mammals.	These	results	are	sim-












Interestingly,	 extinction	 debt	 for	 birds	 did	 not	 differ	 much	 be-
tween	 post-	deforestation	 land	 uses	 (cropland	 or	 pastures).	This	 can	
be	explained	by	the	conversion	process	itself,	which	is	equally	drastic	
for	both	post-	deforestation	 land	uses,	 since	all	natural	vegetation	 is	
removed	and	exotic	grasses	are	sown	when	converting	to	intensified	
pastures	 (Baumann	et	al.,	 2017).	 Low	extinction	debt	 for	both	birds	
and	mammals,	instead,	was	generally	found	in	forested	areas	located	




























number	of	 species	 (Figures	S5	and	S6).	This	 is	 encouraging	as	our	




restore	 already	 transformed	 areas.	 However,	 our	 results	 highlight	
that	extinction	debt	for	birds	and	mammals	 in	the	Chaco,	some	of	
which	are	of	conservation	concern,	may	be	paid	relatively	quickly.	
In	 our	 case,	 the	 time	 to	 a	 new	 equilibrium	 state,	when	 extinction	
debt	will	 have	 been	paid,	may	 be	 as	 short	 as	 a	 decade,	 highlight-
ing	 the	 urgency	 of	 conservation	 action	 if	 local	 extinctions	 are	 to	




conservation,	at	 least	 in	 terms	of	 the	 intensified	 ranching	systems	
that	have	expanded	 in	the	Chaco	since	2000.	Finally,	many	of	the	
























Data	 available	 from	 the	 Dryad	 Digital	 Repository	 https://doi.
org/10.5061/dryad.d362v	(Semper-	Pascual	et	al.,	2017).
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